AGS is the second most common cause of intrahepatic cholestasis in infancy (1) . AGS is a multisystem developmental disorder involving the association of paucity of interlobular bile ducts, pulmonary artery stenosis, butterfly-like vertebrae, posterior embryotoxon, and peculiar facies. It has an autosomal dominant mode of transmission (2) , and the Jagged 1 gene on chromosome 20p12 has been identified as the gene for AGS (3, 4) .
Marked cholestasis with malabsorption involving a deficiency of lipid-soluble vitamins begins in the first year of life. The importance of early vitamin E treatment to prevent secondary neurological disturbances has been clearly demonstrated (5, 6) . The principal biochemical abnormality in this syndrome is far higher cholesterol and PL concentrations than in other forms of cholestasis, mainly during the period of marked jaundice. We previously reported (7) that the abnormal lipoprotein pattern in AGS patients depends on icterus severity. Another feature of this syndrome is the much higher plasma concentration of lipid peroxides than for other forms of cholestasis (8) . These high lipid peroxide levels are inversely correlated with the vitamin E to total lipids ratio, and this ratio has been reported to be below normal values in about a third of AGS patients, despite vitamin E treatment (9) . It therefore seems that vitamin E supplementation may be insufficient to prevent free radical attacks on polyunsaturated fatty acid in membrane PL and to maintain membrane integrity in various tissues in these cholestatic children.
We tested this hypothesis by studying ␣-T concentration and PL hydroperoxide production in erythrocyte membranes from patients with AGS. The hydroperoxides produced from the main molecular species of PC and PE were determined using lipoxygenase to induce peroxidation. The results obtained with patients were compared with those for healthy children.
METHODS

Patients.
Fifteen patients with AGS were studied. The mean age of the patients was 6 y (range 11 mo to 15 y). All presented with ductular hypoplasia associated with at least two of the following major features of AGS: ocular posterior embryotoxon, peripheral pulmonary stenosis, butterfly-like vertebral arch defects, and peculiar facies. They displayed various degrees of chronic cholestasis. Three patients were jaundice-free, three had moderate jaundice, and nine had severe jaundice (total bilirubin Ͼ100 M). All patients were given intramuscular injections of vitamin E (10 mg/kg of dl-␣-T acetate) every 2 wk, with a maximal intramuscular administration of 200 mg. For this study, patients were assigned to group I if they had plasma bilirubin levels of Ͻ100 M and to group II if they had plasma bilirubin levels of Ͼ100 M. Control samples were obtained from 15 age-matched children with no hepatic disease who were undergoing biologic tests before surgery. Parental consent was obtained for all patients and controls before inclusion. Approval for this study was obtained from the ethical committee of Bicetre Hospital.
Lipid and lipoprotein analysis. Blood was collected in tubes (Becton Dickinson, Rutherford, NJ, U.S.A.) containing EDTA and centrifuged at 4°C at low speed. Total lipoproteins were separated from 4 mL of plasma, adjusted to a density of 1.210 g/mL with solid KBr, by ultracentrifugation at 64,5000 ϫ g for 8 h at 4°C in an NVT 90 rotor (Beckman Instruments, Gagny, France). The uppermost fraction (d Ͻ 1.210 g/mL) was separated into lipoprotein subclasses by single-spin density gradient ultracentrifugation as previously described (7) . Lipoprotein fractions were identified on the basis of absorbance profile and density measurement: VLDL-IDL, d Ͻ 1.026 g/mL; LDL, 1.026 Ͻ d Ͻ 1.063 g/mL; HDL, 1.063 Ͻ d Ͻ 1.210 g/mL. In severely icteric patients with LpX, LDL were collected between 1.026 and 1.050 g/mL, LpX between 1.050 and 1.100 g/mL, and HDL between 1.100 and 1.150 g/mL. TC and PL concentrations in plasma and lipoproteins were determined enzymatically.
Chromatographic equipment. We used a Thermo Separation Products (Les Ulis, France) HPLC machine equipped with a UV-visible light detector and a fluorometer (Spectroflow 980 fluorescence detector, Applied Biosystems, Ramsey, NJ, U.S.A.).
Reagents and chemicals. HPLC-grade solvents and analytical-grade chemicals were obtained from Carlo Erba (Milan, Italy). Microperoxidase (MP11), isoluminol (6-amino-2,3 dihydro-1,4-phthalazinedione), soybean lipoxygenase (type IB, EC 1.13.11.12), 15-hydroperoxyeicosatetraenoic acid, and 13-hydroperoxyoctadecadienoic acid were purchased from Biomol (Tebu, France).
Ghost preparation. Blood was drawn into heparinized Vacutainer tubes and was centrifuged for 10 min at 1000 ϫ g. The cell pellet was washed three times with isotonic buffer. Erythrocyte ghosts were prepared by lysing packed cells in 7 vol of hypotonic phosphate buffer (5 mM, pH 7) containing 1 mM EDTA as described by Burton et al. (10) . The ghosts were washed in the same buffer as many times as required to obtain white membranes. They were stored at Ϫ70°C until use.
Peroxidation of erythrocyte membranes. About 400 to 600 g of membrane protein was used for peroxidation. The membrane pellet was suspended in 0.1 M borate buffer, pH 9.2, containing 10 mM deoxycholic acid (11) . The reaction was started by adding lipoxygenase to achieve a final concentration of 50 g/mL. The mixture was incubated at 30°C with gentle shaking for 20 min. The reaction was stopped by adding 1 M citric acid to a final pH of 3.5, and the samples were placed on ice for 5 min. A sample was incubated in the same conditions in the absence of lipoxygenase to determine the molecular species of PL present before peroxidation.
Lipid extraction and PL separation. Lipids were extracted with chloroform-methanol (2:1, vol/vol). Silica SepPak columns were used to separate PL into PC and PE, using the extraction technique described by Hamilton and Comai (12) . The two fractions corresponding to PC and PE were evaporated to dryness, then dissolved in methanol, and injected into the HPLC system.
Detection of PC and PE molecular species and their corresponding hydroperoxides. Compounds were separated on the liquid chromatograph using two serial analytical columns: a C8 (150 ϫ 4.6 mm) and a C18 (250 ϫ 4.6 mm) Kromasil column, 5 m in diameter, maintained at 40°C. The mobile phase was 6% 10 mM ammonium acetate, pH 5, 94% methanol (flow rate, 1.5 mL/min). PC and PE molecular species were detected at 205 nm before and after 20 min of peroxidation. The eluate was mixed at a flow rate of 1.5 mL/min with the chemiluminescent reagent, prepared as described by Yamamoto et al. (13) with slight modifications. Isoluminol (55 mg/L) was dissolved in 0.1 M borate buffer, pH 9.2, and 10 mg/L of microperoxidase was added to the mixture. The solution was passed through a fluorometer used as a photon detector, with the excitation source turned off.
Molecular species and hydroperoxide identification. Fatty acid molecular species from PC and PE were identified by gas-liquid chromatography, using a standard commercial mixture for comparison as previously described (14) . The corresponding hydroperoxides were identified by peroxidation of the standard molecular species as previously described (15) . Hydroperoxides were quantified on the basis of the relative sensitivity of the chemiluminescence assay for 15-hydroperoxyeicosatetraenoic acid and 13-hydroperoxyoctadecadienoic acid.
␣-T and GPx. ␣-T was determined using an HPLC technique derived from that of Zaspel and Csallany (16) . GPx activity was determined as described by Paglia and Valentine (17), using Triton X-100 to solubilize the membranes.
Statistical analysis. Data are expressed as median value and range. The statistical significance of differences was determined with the Mann-Whitney test. Correlations were analyzed by calculating the linear correlation coefficient.
RESULTS
Median plasma cholesterol and PL concentrations were significantly higher in the 15 patients studied than in control children (TC, 8.85 versus 4.21 mmol/L, p Ͻ 0.005; PL, 6.47 versus 2.29 mmol/L, p Ͻ 0.002), despite the wide range of TC 233 ␣-TOCOPHEROL AND HYDROPEROXIDES IN ALAGILLE SYNDROME (5.08 -43.1 mmol/L) and PL (3.01-34.0 mmol/L) values in patients. The severely icteric children (n ϭ 9; bilirubin Ͼ100 M) had a higher median cholesterol value (27.85 mmol/L) associated with hyperbetalipoproteinemia, hypoalphalipoproteinemia, and, in several cases (n ϭ 6), the presence of LpX. In contrast, in mildly icteric patients (n ϭ 6; bilirubin Ͻ100 M), hypercholesterolemia (7.77 mmol/L) was associated with hyperalphalipoproteinemia (data not shown).
Vitamin E status, as monitored by plasma vitamin E concentration, did not differ significantly between patients and control children (22. 33 mol/g ). The distribution of ␣-T in lipoproteins was very different in each group of patients from that in control subjects and was affected by lipoprotein pattern (Fig. 1) . In control subjects, 53.8% of ␣-T was recovered in the VLDL-LDL and 46.2% in HDL. In mildly icteric patients, ␣-T was mainly transported by HDL (57%), whereas in severely icteric patients, ␣-T was mainly transported by LDL and LpX (94.9%) and poorly by HDL (2.4%).
The 15 patients had significantly higher cholesterol concentrations and GPx activity in erythrocyte membranes (Table 1) and significantly lower ␣-T concentrations than the control children. There was a negative relationship between ␣-T concentration and GPx activity (r ϭ 0.76, p Ͻ 0.01) in the patient group only. We considered the two subgroups (based on plasma bilirubin concentration) separately, and membrane cholesterol concentration was found to be significantly higher than normal in group I (bilirubin Ͻ100 M) and group II (bilirubin Ͼ100 M). However, significant changes in membrane ␣-T concentration and GPx activity were observed only in group II patients (Table 1) . Table 2 shows the concentrations of the main molecular species from PE and PC and their corresponding hydroperoxides (PEOOH and PCOOH) produced after the induction of lipid peroxidation. There was no significant difference in the concentrations of PE molecular species between the 15 patients and the control children. However, when we considered the results in relation to the severity of jaundice, we observed concentrations of PE molecular species 16:0/20:4ϩ22:6 and 16:0/18:2 significantly lower in group II than those of the control children, but not in group I. PEOOH concentrations were similar for the 15 patients and control children, whereas the two subgroups gave contrasting results. The concentrations of each PEOOH species were significantly higher than normal (except for PE 16:0/18:2) in group I children and significantly lower than normal in group II children. In contrast, we observed significantly higher concentrations of all PC molecular species (approximately double) in both groups of patients compared with the control children. Similarly, the concentrations of hydroperoxides from the various PC molecular species were significantly higher in patients than in control children, and no difference was observed between group I and group II.
DISCUSSION
The aim of this study was to investigate the efficacy of ␣-T supplementation against oxidative stress in cholestatic patients with AGS. We have previously shown (7) that in these patients, the abnormal lipoprotein pattern depends on icterus severity. Thus, patients were classified as having mild (group I) or severe jaundice (group II). We observed that these abnormal lipoprotein patterns affected the distribution of ␣-T in lipoproteins. We found that 53.8% of circulating ␣-T was transported by VLDL-LDL in control subjects and 46.2% by HDL, consistent with the previously reported distribution (18) . In contrast, in severely icteric patients, 94.9% of ␣-T was transported by LDL and LpX whereas HDL contained only 2.4% of circulating ␣-T. Furthermore, in mildly icteric patients with hyperalphalipoproteinemia, a high proportion of ␣-T (57%) was transported by HDL. This abnormal distribution of ␣-T in plasma lipoproteins may affect the transfer of ␣-T between lipoproteins and red blood cells. LpX, which incorporates a proportion of circulating ␣-T, is probably unable to release it, and HDL, known to be the principal donors of ␣-T to red blood cells (19, 20) , are present at very low concentration in severely icteric patients. Therefore, ␣-T concentrations in the erythrocyte membranes of patients were affected by plasma lipoprotein pattern, and ␣-T membrane concentrations significantly lower than normal were observed only in the most cholestatic patients (Table 1) , who had low HDL-cholesterol concentrations.
The low concentration of ␣-T in group II erythrocyte membranes may also be related to the role of this molecule as an antioxidant in lipid peroxidation. This seems likely because we observed higher levels of GPx activity in the erythrocyte membranes of group II patients than in control children. The higher level of membrane GPx activity, which is specific to PL hydroperoxides, may reflect oxidative stress in vivo, acting as an indirect marker for the overproduction of PL hydroperoxides. However, in our experimental conditions, no hydroperoxide was detected before lipoxygenase treatment. The absence of hydroperoxides may be related to the high level of GPx activity, because GPx transforms PL hydroperoxides into PL alcohols, which cannot be detected in our assay. The inverse relationship between membrane ␣-T concentration and GPx activity observed in this group may simply reflect the complementary effects of these two antioxidant systems.
The markedly higher concentration of membrane PC species in the two subgroups was principally because of the reflux of bile, and particularly of bile lipids in the plasma. PC is the principal PL in bile and accounts for Ͼ95% of biliary PL in humans (21) . An excess of PC in erythrocyte membranes in obstructive jaundice was described many years ago (22) . The authors suggested that LpX containing a high proportion of PC was responsible for the extensive incorporation of PC into erythrocyte membranes by lipid exchange after fusion between LpX and red blood cell membranes.
The erythrocyte membrane PCOOH concentrations resulting from lipoxygenase treatment were significantly higher in both subgroups than in the control children. This excess of PCOOH may be related to the high concentration of PC molecular species in membranes, although no relationship was demonstrated between the concentrations of PCOOH and PC molecular species. In contrast, membrane PEOOH concentrations differed greatly between the two subgroups studied. In patients with mild jaundice (group I), PEOOH concentration was significantly higher than that of the control children, whereas ␣-T concentration was normal. In severely jaundiced patients (group II), both PEOOH and ␣-T concentrations were significantly lower than those in control children. These results are surprising, given the known antioxidant role of ␣-T. The low concentration of several PE molecular species in group II partly accounted for the low PEOOH concentration, but low membrane ␣-T level was expected to be associated with a high hydroperoxide concentration. Our results for group II are consistent with our previous study of erythrocyte membranes from healthy children, in which low ␣-T concentration was associated with low hydroperoxide concentration (14) . We have also shown that in vitro ␣-T enrichment of the erythrocyte membranes of cystic fibrosis patients leads to an increase in PL hydroperoxide concentration after lipoxygenase treatment (unpublished results). The involvement of ␣-T in the various steps of lipid peroxidation has been put forward as an explanation for these results. As ␣-T acts as a hydrogen donor, it scavenges chain-propagating radicals and eliminates peroxyl radicals, thereby stabilizing the hydroperoxides produced. In the absence of effective hydrogen donors, such as vitamin E, peroxyl radicals increase in concentration and their transformation into hydroperoxides is reduced. The results obtained for group II suggest that a decrease in membrane ␣-T content may cause a marked decrease in the stability of PEOOH. In the patients of group I, normal ␣-T concentration may limit the degradation of PEOOH, and this may partly account for the high PEOOH concentration observed in this group. However, ␣-T is probably not the only factor involved in the regulation of hydroperoxide production. Other antioxidant systems acting at various stages of lipid peroxidation may also be deficient in the erythrocyte membranes of AGS patients. Erythrocyte ␤-carotene concentration is low in various hepatobiliary diseases, and particularly in cholestasis (23) . Various studies have shown (24, 25) that carotenoids inhibit free radical-induced lipid peroxidation and that ␤-carotene is one of the most efficient quenchers of lipid peroxyl radicals. The main conclusion of this work is that there is an ␣-T deficiency in the erythrocyte membranes of severely icteric patients with AGS, despite ␣-T supplementation, and that this deficiency is a consequence of the abnormal lipoprotein pattern of these patients. The lower hydroperoxide concentrations in the erythrocyte membranes of patients in this group confirm the antioxidant role of ␣-T, which scavenges chain-propagating radicals, and suggest that ␣-T is insufficient for efficient protection of cell membranes against lipid peroxidation. These data suggest that the usual ␣-T supplementation (intramuscular administration at a dose of 10 mg/kg every 2 wk) was inappropriate for severely icteric patients. Increasing the dose of ␣-T supplements by intramuscular administration caused problems because of the frequency and volume of injections required. Thus, oral administration of tocopheryl polyethylene glycol succinate, a water-soluble form of ␣-T, may be a useful alternative therapy for correcting ␣-T deficiency in cholestasis (26) and counteracting oxidative injury. We propose to evaluate this therapeutic strategy in a future study.
